Azimuthal anisotropy derived from multimode Rayleigh wave tomography in China exhibits depth-dependent variations in Tibet, which can be explained as induced by the Cenozoic India-Eurasian collision. In west Tibet, the E-W fast polarization direction at depths <100 km is consistent with the accumulated shear strain in the Tibetan lithosphere, whereas the N-S fast direction at greater depths is aligned with Indian Plate motion. In northeast Tibet, depth-consistent NW-SE directions imply coupled deformation throughout the whole lithosphere, possibly also involving the underlying asthenosphere. Significant anisotropy at depths of 225 km in southeast Tibet reflects sublithospheric deformation induced by northward and eastward lithospheric subduction beneath the Himalaya and Burma, respectively. The multilayer anisotropic surface wave model can explain some features of SKS splitting measurements in Tibet, with differences probably attributable to the limited back azimuthal coverage of most SKS studies in Tibet and the limited horizontal resolution of the surface wave results.
Introduction
Seismic anisotropy can place direct observational constraints on lithospheric deformation and asthenospheric flow and therefore plays a pivotal role in understanding the tectonic evolution of complex regions such as the India-Eurasian collision zone. It describes the directional dependence of seismic wave speed and can be found at different depths within the Earth [Babuška and Cara, 1991] . Seismic anisotropy can be caused by past deformation frozen in the lithosphere or be located in the asthenosphere reflecting present-day plate motion or shearing between the lithosphere and underlying mantle. The relation between seismic anisotropy and deformation is commonly understood in terms of strain-dependent crystal alignment of anisotropic minerals, such as olivine, through lattice-preferred orientation, or by geometric alignment of isotropic rocks through shape-preferred orientation [Long and Becker, 2010] . The former is the dominant mechanism in the ductile lower crust as well as in the mantle where olivine is the main mineral constituent [Zhang and Karato, 1995] . The latter is mostly attributed to crustal fabric or texture of cracks, melts, and foliations [Crampin and Chastin, 2003] . The factors and conditions which can affect the presence of anisotropy may vary on various counts including mineralogy, the magnitude and history of stress and strain, temperature and pressure conditions, environmental geometry, melt, and water content [Karato et al., 2008] . These factors can influence the interpretation of observed anisotropy patterns in many ways, but as many of those variables are unknown or difficult to constrain, it is generally assumed that the fast direction of mantle anisotropy aligns with the long axis of the strain ellipsoid, identical with the shearing direction for large strains [Long and Becker, 2010] , which is the dominant pattern development over a wide range of the controlling parameters.
Seismic anisotropy in the mantle is commonly probed by shear wave splitting [Savage, 1999; Long and Becker, 2010] and surface wave analysis [Forsyth, 1975; Montagner and Tanimoto, 1991; Trampert and Woodhouse, 2003; Yuan and Romanowicz, 2010; Debayle et al., 2005; Debayle and Ricard, 2013] . Splitting of SKS waves is sensitive to anisotropy beneath a seismic station with a lateral sensitivity of up to at most a few tens of kilometers, and equivalent resolution is possible with dense arrays. However, it is a measurement accumulated along the entire path from the core-mantle boundary to the surface and therefore has no inherent depth resolution. Anisotropy is thought to be strongest in the upper mantle, because lattice-preferred orientation will only develop where deformation occurs via dislocation creep, a process that is expected to be limited to the topmost 200-300 km in most continental regions [Karato and Wu, 1993] . Surface waves provide global coverage of the upper mantle, including the ocean, and are sensitive to depth-dependent anisotropy but with a limited lateral resolution of a few hundred kilometers even in relatively well sampled regional tomography models. Azimuthal anisotropy can be described by a two-dimensional vector quantity. The length represents the strength of peak-to-peak anisotropy in surface wave tomography and the delay time of shear wave splitting. The direction, which represents either the fast polarization direction (for vertically propagating SKS waves) or the fast propagation direction (for long-period S waves derived from horizontally propagating surface waves), is referred to as FPD.
The continental collision between Indian and Eurasian tectonic plates has resulted in a huge amount of crustal and mantle deformation over the past 50 Ma. A large number of SKS splitting measurements has been obtained in and around the Tibetan plateau in the last two decades to constrain the mantle deformation and to infer the boundary of the Indian and Eurasian plates at depth. As summarized by Zhao et al. [2010] and Kind and Yuan [2010] , SKS splitting is dominated by E-W fast directions in much of Tibet that rotate to NW-SE in northeast Tibet (see also Figure S1 in the supporting information). This orientation of the FPD seems to agree with lithospheric deformation [León Soto et al., 2012; Wang et al., 2008] . The splitting times are larger in central and east Tibet (on average 1.0-1.5 s with the largest > 2.0 s) and smaller in north and west Tibet (less than 1.0 s). In southern Tibet, SKS splitting shows either contradictory orientations or null splitting measurements. Variations of SKS splitting delays were used to constrain the underthrusting fronts of the Indian and Eurasian mantle lithospheres, assuming that the anisotropy is weak in the Indian Plate [Chen and Özalaybey, 1998; Huang et al., 2000; Zhao et al., 2010; Chen et al., 2010; Kind and Yuan, 2010] . The presence of large SKS splitting in central and northeast Tibet is attributed to the heavily deformed zone between the Indian and Eurasian Plates [Zhao et al., 2010] . Several studies showed that the SKS splitting in the Indian shield has an average delay time of 1.0 s and a dominant FPD in the absolute plate motion direction, implying a significant sublithospheric contribution [Kumar and Singh, 2008; Heintz et al., 2009; Kumar et al., 2010; Saikia et al., 2010] . Other studies interpreted the SKS splitting variations in Tibet as caused by a change in the dip angle of the underthrusting Indian mantle lithosphere [Sandvol et al., 1997; Chen et al., 2015] , suggesting that the Indian Plate is subducted subvertically in southeast Tibet. Gao and Liu [2009] and Wu et al. [2015] showed that a two-layer anisotropy model can explain the azimuthal variation in the shear wave splitting measurements in western and central Tibet.
Previous surface wave studies provided constraints on depth-dependent upper mantle anisotropy in East Asia including Tibet [Griot et al., 1998; Huang et al., 2004; Priestley et al., 2006] . The motivation of the present paper is to extract and discuss the azimuthal anisotropy in our recent Rayleigh surface wave tomography study [Pandey et al., 2014] . As the isotropic shear wave velocity anomalies were already presented in this earlier paper, we focus on azimuthal anisotropy in Tibet, where depth-variant anisotropy is the most obvious. Our anisotropic model is largely consistent with the models of Griot et al. [1998] and Priestley et al. [2006] but contains more detailed variations. Here we compare the anisotropy derived by surface waves with SKS splitting measurements and discuss its relationship to deformation caused by the India-Eurasian collision. Our data indicate that multiple-layer anisotropy is present beneath Tibet and should be considered in anisotropy studies.
Data and Methods
The data set used for the present work consists of vertical-component Rayleigh wave seismograms recorded at more than 400 stations in China and surrounding regions between 1999 and 2007 (see supporting information Figure S2 for a map of stations and teleseismic events used). The distribution of stations helped in achieving a good coverage of path density and azimuthal distribution. An anisotropic three-dimensional (3-D) upper mantle Sv velocity model based on this data set was derived by multimode Rayleigh wave tomography [Pandey et al., 2014] .
The inversion proceeds in two stages [Pandey et al., 2014] . The first stage includes waveform fitting of each Rayleigh wave seismogram to generate a path-specific one-dimensional (1-D) model [Debayle, 1999] . The waveform inversion accounts for the fundamental and higher modes up to the fourth order in the period range of 50-160 s. The upper mantle is well resolved down to a depth of 400 km. The frequency range used does not allow the recovery of crustal structure or thickness; therefore, the crust is fixed to the isotropic 3SMAC crustal model [Nataf and Ricard, 1995] for derivation of the path-specific models. The second stage is regionalization, in which all of the 1-D path-average models are combined to build a 3-D anisotropic model [Debayle and Sambridge, 2004] by carrying out two-dimensional tomographic inversions at each depth level in turn. Besides the isotropic 3-D Sv velocity model, a depth-dependent distribution of azimuthal anisotropy is derived.
For Rayleigh waves propagating in a medium with azimuthal anisotropy, the effect of anisotropy on Sv can be approximated with cos(2θ) and sin(2θ) terms, where θ is the azimuth along the propagation path [Montagner and Nataf, 1986] . Specifically, the azimuthal variation for a long-period Sv wave propagating horizontally with velocity V S at a given depth z can be approximated, at each geographical point, with the following expression
where V S0 is the isotropic shear wave velocity, A 1 and A 2 are two anisotropic parameters from which we extract the strength of the anisotropy by 2
q =V s0 and the direction of fast propagation by 0.5atan2( A2, A1) for the Sv wave. During the inversion, these parameters are retrieved using the continuous regionalization algorithm of Debayle and Sambridge [2004] . At each depth we obtain a smooth model by imposing correlations between neighboring points using a Gaussian a priori covariance function. This covariance function is defined by standard deviations controlling the amplitude of isotropic and anisotropic model perturbations separately and by a horizontal correlation length, controlling the horizontal smoothness. In our inversion we use a horizontal correlation length of 250 km and a priori standard deviations of 0.05 km s À1 and 0.005 km s À1 for the isotropic and anisotropic components, respectively. The larger a priori standard deviation for isotropic models implies comparatively much stronger damping for the anisotropic components, essentially telling the inversion to try to fit the data preferably by introducing isotropic heterogeneity. This is required to obtain reasonable amplitudes using the expected values of elastic coefficients for the upper mantle as estimated by Estey and Douglas [1986] .
Resolution Tests
In Pandey et al. [2014] we used a variety of tests to assess the resolution of our 3-D velocity model. The tests showed that anomalies of a few hundred kilometers in the upper mantle can be well resolved nearly everywhere in the study area including Tibet. We also constructed a Voronoi diagram (see also supporting information Figure S3 ) from our ray coverage, using the scheme defined by Debayle and Sambridge [2004] . This diagram confirms that our ray coverage would be sufficient to resolve the 2θ azimuthal variation of surface waves on a 2 by 2°grid over the study area. In practice, however, the resolution of azimuthal anisotropy is also limited by the ray approximation, the horizontal smoothing imposed in the inversion, and trade-offs with lateral heterogeneities.
In order to test the effect of smoothing and ray coverage, we performed various checkerboard tests for resolving azimuthal anisotropy. We describe the results of one of these tests in Figure S4 . Layered Sv velocity with azimuthal anisotropy is used in the input model. Two anisotropic layers at depths of 50-100 km and >150 km, respectively, are separated by an isotropic layer at depths of 100-150 km. There are no isotropic heterogeneities in any layer of the input model. In each anisotropic layer 5% azimuthal anisotropy with perpendicularly alternating FPD is assigned to 20°× 20°checkers. The three horizontal sections correspond to these three layers. Recovery of isotropic velocity perturbations is indicated in the output models, showing weak trade-offs with anisotropy (less than 0.5% in most areas), justifying the separate interpretation of the isotropic and anisotropic patterns. Anisotropy is well resolved at depths shallower than 150 km. At 125 km depth, the input model has no azimuthal anisotropy and the recovered anisotropy is an artifact that results from vertical smearing of shallower layers. We can see that this bias is small, weaker than 1% in the study area. At depths greater than 150 km, the spatial pattern of anisotropy can be reasonably recovered, although the amplitude of anisotropy is strongly reduced, roughly by a factor of 2. Figure 1 shows maps of azimuthal anisotropy at four different depths in and around China. The map at 75 km depth exhibits anisotropy mainly in the uppermost mantle. Because a fixed isotropic crustal model is used during the inversion, there may be some trade-off between the lowermost crust and uppermost mantle in places where the crust is thick, e.g., in Tibet. However, we do not expect that the crust will trade-off strongly with upper mantle anisotropy for three reasons. First, possible errors on isotropic crustal structure will trade-off preferentially with the upper mantle isotropic structure, owing to the much stronger damping used for anisotropic components. Second, crustal azimuthal anisotropy is expected to be weaker than crustal isotropic heterogeneities [Babuška and Cara, 1991] , and it is reasonable to neglect its effect when using long-period (>50 s) surface waves. Third, all these effects will be limited by our excellent azimuthal coverage in the upper mantle ( Figure S3 ). The maps at 125 and 175 km depth show anisotropy either in the lithosphere or in the asthenosphere, depending on the thickness of the lithosphere. The anisotropy at 225 km depth should mostly represent the asthenospheric flow pattern, except in the presence of steeply subducted lithosphere to the north beneath the Eastern Himalaya [Li et al., 2008] and to the east beneath Burma.
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Results and Interpretation
Strong anisotropy can be recognized at all depths in a large region involving the India-Eurasian collision zone. In this paper we concentrate on this region and highlight the depth-dependent anisotropy variations by overlaying the anisotropy at depths of 75 and 125 km (Figure 2a ) and at depths of 125 and 225 km (Figure 2b) . The figures show depth-dependent FPD variations in west and central Tibet and depth-consistent anisotropy in the northeastern parts of Tibet. Generally, Tibet is characterized by strong anisotropy compared to India, divided roughly by the boundary at the surface. However, whereas 
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this pattern is in rough agreement with previous SKS splitting observations, the station and event density in India is much less than in the Himalaya-Tibet area, and accordingly, the recovery of anisotropy in India in the checkerboard test ( Figure S4 ) is much poorer.
At 75 km (Figures 1a and 2a ) the FPD is dominantly E-W in west Tibet and rotates to NW-SE in northeast Tibet, and also from the Qaidam Basin to the Ordos Block crossing the northeastern margin of Tibet. The orientation of anisotropy agrees with the E-W directed shear in the crust and mantle lithosphere in reaction to Indian indentation. The anisotropy at this depth level could be seen as consistent with strain being accommodated along narrow shear zones associated with faults at the surface [e.g., Griot et al., 1998 ]; however, the limited horizontal resolution of our data set does not allow us to resolve the degree to which strain is localized or where shear deformation is completely distributed as envisaged in the thinsheet model, proposed in its original form by England and McKenzie [1982] . In addition, the FPD changes observed at 100 km depth suggest that if such a localized deformation exists, then it does not extend deeper than 100 km. Along the eastern Tibet margin (32-38°N, 98-104°E) FPDs at 75 and 125 km are subparallel, possibly reflecting outflow along a topographic gradient with stress-free basal boundary conditions [Copley and McKenzie, 2007] , which appears to involve the mantle part of the lithosphere.
At greater depths (125 and 175 km, Figures 1b, 1c, and 2) , the FPD changes to N-S direction in west Tibet, whereas it remains consistent with the shallower layer in NW-SE direction in northeast Tibet. The motion of the Indian Plate is mostly northward in a fixed hot spot reference frame (Figure 3a) . In west Tibet the overall agreement of the anisotropy orientation with the Indian Plate motion thus suggests a causative link between them and is consistent with earlier studies that proposed that the Indian Plate has underthrust west Tibet all the way to the border of the Tarim Basin [Li et al., 2008; Zhao et al., 2010; Kind and Yuan, 2010] . The NW-SE orientation of the anisotropy in northeast Tibet is a feature of strong deformation of the mantle in front of the Indian Plate [Li et al., 2008] . A number of seismic studies [Li et al., 2008; Chen et al., 2010; Zhao et al., 2010; Kind and Yuan, 2010] suggest that the front of the northerly advancing Indian mantle lithosphere is traversing the Tibetan Plateau from northwest to southeast. North of this boundary a crush zone between two colliding plates was formed in northeast Tibet, which is characterized by low seismic velocity and strong anisotropy [Zhao et al., 2010] . In particular, the softer Eurasian mantle and asthenospheric mantle displaced by the advancing Indian mantle lithosphere are pushed out to the east and south. The consistency of azimuthal anisotropy from shallow to deep layers hints at a mode of coupled deformation in the Eurasian lithosphere and underlying asthenosphere resulting from plate convergence. The GPS vectors rotate gradually from NE directed in the northeast of 
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the orogen (east of the Qaidam Basin) to E and SE directed along the eastern Tibetan margin with a corresponding increase in length, approximately implying extension in NW-SE direction. Taken together, these observations thus suggest consistent deformation from the upper crust into the asthenosphere. The large scale of the region of consistent NW-SE fast directions is surprising but is in line with the huge TDs smaller than 0.3 s are considered null measurements. The SKS splitting data are taken from a modified version of the SplitLab database (http://splitting.gm.univ-montp2.fr/DB/public/downloadPage.php) [Wüstefeld et al., 2009] and additionally from Zhao et al. [2010] and Eken et al. [2013] . Green arrows are GPS velocities with respect to stable Eurasia [Wang et al., 2001] . The two red arrows denote the plate motions of the Indian and Eurasian Plates, respectively, calculated by the Plate Motion Calculator (http://www.sps.unavco.org) using the HS2-NUVEL 1A model [Gripp and Gordon, 1990] . (b) Differences between smoothed SKS measurements (plotted as black bars) and predicted splitting (gray bars, as above). White and green areas indicate regions where both anisotropy estimates agree: white for regions of significant splitting (both with TD > 0.3 s) with similar fast directions less than 15°apart and green for regions where both estimates indicate no or insignificant splitting (at least one TD < 0.3 s, and the other TD < 0.45 s). Pink-to-red colors mark regions of significant splitting, where the fast directions disagree. Olive-to-orange marks regions where significant horizontal anisotropy is seen by one technique but not the other. The color shows the larger of observed or predicted splitting delay in this case (see supporting information for details on the calculation of the smoothed SKS splitting map).
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topographic footprint of the India-Asia collision. Similar to the observations of long-period quasi-Love waves by Chen and Park [2013] , strong anisotropy gradients are found west of the (undeformed) Yangtze Craton, suggesting a link between crustal and mantle deformation at this location, too. In southeast Tibet, the FPD has a similar NW-SE orientation and is different from that in the shallower layer (75 km). This pattern may indicate deformation within or beneath the steeply subducting Indian mantle lithosphere.
At 225 km depth, although resolution worsens, significant anisotropy, distinct from that at 175 km depth, is discernible in southeast Tibet around the Eastern Syntaxis with dominant FPD in the NE direction (Figures 1d and 2b) . The anisotropy may reflect sublithospheric deformation at the northeastern edge of the Indian Plate, where it is being subducted to the north beneath the Himalaya and to the east beneath the Burma subduction zone. In this area, located at the northward tip of the Burma subduction, mantle flow might have been enhanced and aligned by this distinct subduction geometry.
Discussion
Multiple-layer anisotropy can explain some features of the SKS observations in Tibet. Following Montagner et al. [2000] , we calculated predicted SKS splitting measurements by integrating the depth-dependent anisotropy from 250 km depth up to the surface and compared them with observed ones (Figure 3a) . As most of the SKS measurements were carried out using the minimum transverse energy method of Silver and Chan [1991] , this approach is only valid at long periods, i.e., if the splitting time is small compared to the dominant period of the SKS wave after filtering [Silver and Long, 2011] ; otherwise, there is a strong back azimuthal dependence of the splitting parameters. Although the low-frequency assumption is likely to be violated in some individual cases, we nevertheless proceed with the approach of Montagner et al. [2000] , as we lack detailed information on back azimuthal dependencies in most previous splitting results. The validness of the approach was verified by Romanowicz and Yuan [2012] . However, the approach of Montagner et al. [2000] does not account for the back azimuthal variation that would result from multiple layers of anisotropy. Although most of the SKS observations are station-averaged SKS splitting measurement [Wüstefeld et al., 2009] , the SKS back azimuthal distribution for Tibet is poor, and this may contribute to a limited agreement between predicted and observed splitting.
SKS measurements are sensitive to the local structure beneath each station whereas the surface waves have a limited horizontal resolution and average the anisotropy structure over hundreds of kilometers. In order to partially mitigate the differences in resolution, we smooth the SKS measurements before quantifying the difference to the surface wave predictions (see Figure 3b and supporting information). However, the smoothing procedure can only be expected to represent the structural average seen by the surface waves in areas of dense measurements. In areas with sparse measurements, a few station measurements determine the properties of the SKS field over wide regions, such that the difference in horizontal resolution of the two techniques can still have a strong impact. The strong SKS splitting observed in northeast Tibet [e.g., León Soto et al., 2012; Eken et al., 2013] results from the integrated effect along the SKS propagation path through an anisotropic medium with little depth variation of the FPD, resulting in surface splitting predictions consistent with the observations and bolstering the case for a large-scale coherent deformation pattern. The two-layer anisotropy in west Tibet, represented by perpendicular FPDs at depths shallower and deeper than 100 km, results in partial cancelation of SKS splitting (depending on the thickness and anisotropy strength of each layer) and results in smaller SKS splitting whose directions are in some places consistent with the observations [Zhao et al., 2010; Kind and Yuan, 2010] . In south Tibet, the heterogeneous SKS splitting measurements as well as many null measurements [Sandvol et al., 1997; Huang et al., 2000; Chen et al., 2010] have been explained by distinct differences between the anisotropy of the lithospheric and sublithospheric mantle.
Although there is an overall agreement between predicted and observed SKS splitting beneath some parts of the Tibetan Plateau (mainly in west and northeast Tibet), some significant differences are observed, especially beneath central Tibet, where strong SKS splitting with a dominant E-W oriented FPD is observed, whereas the surface wave model predicts weak or absent SKS splitting there due to the cancelation of the splitting induced by two layers with perpendicular FPDs.
Anisotropy derived from surface wave and SKS wave studies does not always agree with each other [Montagner et al., 2000; Becker et al., 2012] . Different resolutions of surface and body waves can only Geophysical Research Letters 10.1002/2015GL063921 explain part of the discrepancy (see Figure 3b ). In the case of multiple-layer anisotropy the SKS splitting parameters strongly depend on the azimuth of observation [Silver and Savage, 1994; Silver and Long, 2011] . Due to the global earthquake distribution pattern and/or short duration of operation of seismic experiments, many SKS splitting measurements are obtained with limited azimuthal coverage. For stations in Tibet, the majority of SKS waves is recorded from events in Fiji-Tonga. Gao and Liu [2009] extended the azimuthal coverage for the permanent station in Lhasa by using SKS, SKKS, and PKS phases and clearly showed the azimuthal dependence of splitting parameters, indicating multiple-layer anisotropy. Also, as discussed above, our simple approach of predicting SKS splitting does not predict the azimuthal dependence of the observed SKS splitting. Finally, part of the observed differences may be explained by strong crustal anisotropy, which is not accounted for by our data set.
Conclusion
Depth-dependent variations of azimuthal anisotropy, derived from surface wave tomography, indicate multiple-layer anisotropy in west Tibet. The E-W directed FPD in the shallow layer is consistent with localized shear along major faults in the lower crust and the uppermost mantle, a result of the continuous shortening of the lithosphere in reaction to northward indentation by the Indian Plate. In the deeper layer the FPD is aligned N-S, coinciding with the Indian Plate motion direction. In northeast Tibet strong anisotropy with constant FPD over the entire upper 200 km of the mantle is consistent with the surface strain field, implying coupled deformation of the crust and mantle lithosphere and possibly the asthenosphere in response to the Indian indenter. At asthenopheric depths, strong anisotropy is also found beneath the Eastern Syntaxis with the FPD aligned in the NE direction, indicating some relationship to deformation induced by the Burma subduction zone. The pattern of multiple-layer anisotropy predicts weak SKS splitting in west Tibet and strong SKS splitting in northeast Tibet, in agreement with previous observations. The discrepancy in central and south Tibet may be explained by a combination of crustal anisotropy not properly accounted for in the surface wave study and the azimuthal limitation of SKS measurements under conditions of multiple-layer anisotropy.
